The central characteristic of uterine fibroids is excessive deposition of extracellular matrix (ECM), which contributes to fibroid growth and bulk-type symptoms. Despite this, very little is known about patterns of ECM protein expression in fibroids and whether these are influenced by the most common genetic anomalies, which relate to MED12. We performed extensive genetic and proteomic analyses of clinically annotated fibroids and adjacent normal myometrium to identify the composition and expression patterns of ECM proteins in MED12 mutation-positive and mutation-negative uterine fibroids. Genetic sequencing of tissue samples revealed MED12 alterations in 39 of 65 fibroids (60%) from 14 patients. Using isobaric tagged-based quantitative mass spectrometry on three selected patients (n = 9 fibroids), we observed a common set of upregulated (.1.5-fold) and downregulated (,0.66-fold) proteins in small, medium, and large fibroid samples of annotated MED12 status. These two sets of upregulated and downregulated proteins were the same in all patients, regardless of variations in fibroid size and MED12 status. We then focused on one of the significant upregulated ECM proteins and confirmed the differential expression of periostin using western blotting and immunohistochemical analysis. Our study defined the proteome of uterine fibroids and identified that increased ECM protein expression, in particular periostin, is a hallmark of uterine fibroids regardless of MED12 mutation status. This study sets the foundation for further investigations to analyze the mechanisms regulating ECM overexpression and the functional role of upregulated ECM proteins in leiomyogenesis. (Endocrinology 159: 1106(Endocrinology 159: -1118(Endocrinology 159: , 2018 U terine leiomyomas, also known as fibroids, are the most prevalent tumors in women, occurring in .70% of premenopausal women (1-3). Although fibroids are benign, depending on their size, number, and location, they can cause substantial morbidity and burden on the health care system (4). The clinical signs and Abbreviations: ACN, acetonitrile; ANM, adjacent normal myometrium; ANXA1, annexin A1; ANXA2, annexin A2; COL12A1, collagen type XII a 1; COL2A1, collagen type II a 1; COL3A1, collagen type III a 1; COL5A2, collagen type V a 2; COL7A1, collagen type VII a 1; ECM, extracellular matrix; FMOD, fibromodulin; HILIC, hydrophilic interaction liquid chromatography; IHC, immunohistochemistry; LAMA5, laminin subunit a 5; LAMB2, laminin subunit b 2; LC, liquid chromatography; MED12, mediator complex subunit 12 gene; MS, mass spectrometry; MS/MS, tandem mass spectrometry; PCR, polymerase chain reaction; POSTN, periostin; pSMAD2, phosphorylated form of mothers against decapentaplegic homolog 2; S100A6, protein S100-A6; SERPINA1, a-1-antitrypsin; SMOC2, secreted protein acidic and rich in cysteine-related modular calciumbinding protein 2; SPARC, secreted protein acidic and rich in cysteine; SPARCL1, secreted protein acidic and rich in cysteine-like 1; TFA, trifluoroacetic acid; TGF-b, transforming growth factor-b; TGFBI, transforming growth factor-b-induced protein ig-h3; TINAGL1, tubulointerstitial nephritis antigen-like; TNC, tenascin; VCAN, versican core protein.
symptoms of fibroids include heavy or prolonged menstrual bleeding, discomfort, abdominal pain, pregnancy complications, and infertility (4, 5) . Fibroids are also a major reason for hysterectomy (4) . Treatment options for patients with fibroids are predominantly limited to surgery and hormonal agents because of an incomplete understanding of the etiology and pathogenesis of these tumors.
Whole genome sequencing has provided insight into the genetic basis of fibroids (6) . Fibroids harbor four main types of driver mutations: high mobility group AT-hook 2 (HMGA2) reorganizations; biallelic inactivation of fumarate hydratase; deletions in collagen, type IV a 5 (COL4A5) and collagen, type IV a 6 (COL4A6); and mutations in the mediator complex subunit 12 (MED12) (7) . However, mutations in exon 1 and exon 2 of MED12 represent the most common genetic aberrations in fibroids (8, 9) . MED12 is a subunit of the mediator complex that participates in genome-wide regulation as well as gene-specific transcription (10) . The mediator complex connects transcription factors to RNA polymerase (10) . MED12 mutations or deletions are mutually exclusive to certain other genetic alterations, such as fumarate hydratase inactivation, suggesting that distinct mechanisms operating downstream contribute to the pathogenesis of this disease (11) . Conditional expression of a Med12 missense variant in a mouse model, a liaison commonly present in human patients, led to the development of uterine fibroids, providing further evidence that Med12 genetic aberrations are drivers of uterine leiomyogenesis (12) . In contrast, fibroids did not form in another mouse model in which the Med12 was deleted, indicating that fibroids associated with Med12 defects arise from a gain of function mechanism (12) . However, the downstream signaling pathways involved in the development of fibroids remain unknown.
Fibroids are thought to arise from a single myocyte that undergoes hyperplastic transformation (13) . Unlike malignant tumors, fibroids are characterized by modest rates of cell proliferation (5, 14) . However, fibroids can expand to the size of a grapefruit because of their abundant extracellular matrix (ECM), which is a defining feature of uterine leiomyomas (4, 5, 13, 15) . The ECM is a component of all organs and plays an integral role in tissue development, wound healing, and maintenance of normal tissue homeostasis (16) . This three-dimensional matrix structure is composed of a complex network of proteins belonging to the collagen, proteoglycan, and glycoprotein families (17, 18) . The ECM not only supports cell organization but also regulates cell response and behavior through ligand-integrin interactions and the release of bound soluble factors, including growth factors and Wnt signaling molecules (19) . It is well established that aberrant remodeling of the ECM contributes to the development and progression of a range of diseases, including cancer and fibrosis (17) .
Despite disorganized and copious ECM being a hallmark feature of fibroids, no studies to date have investigated whether there is an association between underlying genetic anomalies of fibroids and ECM expression patterns. In this study, using extensive genetic and proteomic analyses of clinically annotated fibroids and adjacent normal myometrium (ANM), we have identified the composition and expression patterns of ECM proteins in MED12 mutation-positive and mutationnegative uterine fibroids.
Material and Methods

Patient recruitment and tissue samples
To study the genetic basis of uterine fibroids, we determined the mutation status in exon 1 and exon 2 of the MED12 gene in women from the Hunter New England region of New South Wales, Australia. Uterine fibroids from 2 to 14 cm in diameter and ANM tissues were collected from individuals who underwent hysterectomies at the John Hunter Hospital, Newcastle, New South Wales, Australia. Human tissue collection and experimentation were conducted in accordance with the guidelines of the Institutional Human Research Ethics Committee at the University of Newcastle. The age range of the patients was 42 to 72 years, with an average age of 47 years. Sixty-five uterine fibroids of different sizes from 14 patients (most patients had multiple fibroids) and 14 ANM samples from the same patients (1 ANM sample per patient), were collected. We classified fibroids into three groups according to their tumor size: small (diameter , 2.0 cm), medium (diameter 2 to 4 cm), and large (diameter . 4 cm). Histopathological analysis by a pathologist validated ANM and fibroid tissue samples. The collected tissues were immediately transferred to the laboratory, washed with phosphate-buffered saline to remove excessive blood, snap-frozen, and stored in liquid nitrogen until further analysis. Tissue arrays from ANM and fibroid tissue samples were generated with a core diameter of 2 mm, with two cores per patient.
Genomic DNA extraction from tissue samples
To evaluate the status of MED12 mutations in fibroids and ANM, 79 tissue samples were selected for DNA isolation. To isolate the genomic DNA, approximately 25 mg of frozen tissue (fibroid or ANM) was cut into smaller pieces, homogenized in tissue lysis buffer (Buffer ATL; Qiagen) and treated with proteinase K to aid protein degradation and tissue lysis. Genomic DNA was extracted using the QIAamp DNA Mini Kit (Qiagen) according to the manufacturer's instructions. DNA concentrations were determined by using a NanoDrop TM 2000/ 2000c spectrophotometer (Thermo Fisher Scientific).
The DNA from fibroid and ANM tissue samples was amplified with Immolase TM DNA polymerase (Bioline) using specific primers (Sigma-Aldrich) (sense 5 0 -CCTCCGGAACGTTTCATA-GAT-3 0 and antisense 5 0 -TTCGGGACTTTTGCTCTCAC-3 0 ) targeting exon 1 of the MED12 gene (sense 5 0 -GCCCTTT-CACCTTGTTCCTT-3 0 and antisense 5 0 -TGTCCCTATAAGT-CTTCCCAACC-3 0 ) for exon 2 of the MED12 gene, as described previously (8) . Briefly, a total of 24 mL master mix consisting of genomic DNA (3 mL), forward and reverse primers (each 0.4 mL), Immolase TM DNA polymerase (0.2 mL), buffer D (12 mL), and nuclease free water (8.4 mL) was prepared for each reaction. Samples were subjected to the following thermal cycling conditions on a T100
TM thermal cycler (Bio-Rad): denaturation at 95°C for 10 minutes followed by 30 cycles of 95°C for 30 seconds, 58°C (for exon 1) and 60°C (for exon 2) for 30 seconds, 72°C for 30 seconds, and extension at 72°C for 10 minutes, followed by a final soak step at 4°C. After polymerase chain reaction (PCR) amplification, the products were purified by using the QIAquick PCR Purification Kit (Qiagen) and eluted in 20 mL buffer EB (10 mM Tris$Cl, pH 8.5) according to the manufacturer's instructions. Purified PCR products were quantified to determine the suitability of the DNA concentration (should be .30 ng/mL) for sequencing. PCR products were bidirectionally sequenced using the Sanger method and detected with capillary electrophoresis on an ABI 3730xl Automatic DNA Analyzer (Applied Biosystems). PCR products were sequenced using the BigDye Terminator v.3.1 Ready Reaction Premix and Sequencing Buffer (5X) (Applied Biosystems) using the original PCR primers specific to MED12 exon 1 and exon 2, respectively. (5X of Sequencing Buffer allows users to dilute BigDye Terminator Ready Reaction Premix. Use of 5X buffer maintains PH and magnesium optimallly for reaction.) Sequence chromatographs were analyzed for somatic mutations in exon 1 and exon 2 of MED12 using Mutation Surveyor software (SoftGenetics).
Protein sample preparation and 4plex iTRAQ labeling and processing
To perform proteomic analysis of genetically annotated fibroids and ANM, 75 to 100 mg of each tissue sample was cut into smaller pieces, resuspended in 100 mL of ice-cold lysis buffer (0.1 M Na 2 CO 3 , 10 mM Na 3 VO 4 ) with protease inhibitor cocktail (Complete Mini; Roche), and phosphatase inhibitors PhosStop (Roche). Homogenization was performed by using the BeadBug homogenizer (Benchmark Scientific). The homogenates, which contained 150 mg of proteins, were dissolved in urea buffer (12 M urea, 4 M thiourea), reduced with 10 mM dithiothreitol, and heated at 56°C for 1 hour, followed by alkylation with 20 mM iodoacetamide and incubation in the dark at room temperature for 45 minutes, as previously described (20) . Protein samples were then digested with trypsin [Mass Spectrometry Grade (Promega), 2 mg/mL in Milli-Q water (Millipore), and 50 mg of trypsin/sample] at room temperature for 3 hours. The digest was diluted further by using 100 mM triethylammonium bicarbonate, pH 7.8, to a final concentration of urea buffer (0.75 M urea, 0.25 M thiourea) and subjected to a second digestion using trypsin for 16 hours at room temperature. Following digestion, trypsin was inactivated by acidifying the samples to a pH of 2 using 10% trifluoroacetic acid (TFA). Lipid precipitation was achieved by centrifuging the acidified samples at 14,000g for 10 minutes at room temperature, and the supernatant containing the peptides was collected in a LoBind tube (Eppendorf) for further processing. Before fractionation, peptide samples were desalted using C18-SD 4 mm/1 mL Extraction Disk Cartridge (Empore). Cartridges were activated with acetonitrile (ACN) and then equilibrated with 0.1% TFA in MilliQ water, according to the manufacturer's protocol. Peptides were loaded into the cartridge and washed three times with 500 mL of MilliQ water containing 0.1% TFA. Bound peptides were eluted into a LoBind tube in two steps using 100 mL of 60% ACN, 0.1% TFA and then 100 mL of 80% ACN, 0.1% TFA. Peptide concentrations were determined using a Qubit 2.0 Fluorometer assay (Invitrogen). Peptides (minimum quantity ;100 mg) were dried by SpeedVac SC100 (Thermo Fisher Scientific) vacuum centrifugation and were reconstituted in the dissolution buffer. Reconstituted peptides were then processed according to the manufacturer's protocol for 4plex iTRAQ reagent (AB SCIEX). The 4plex labeling of three fibroids (small, medium, and large) and one ANM tissue sample from each of the three patients was performed for 2 hours at room temperature. Labeled peptides were pooled into a single tube and dried with the SpeedVac.
Fractionation of labeled peptides by hydrophilic interaction liquid chromatography
Hydrophilic interaction liquid chromatography (HILIC) fractionation was performed to purify and fractionate the mixed peptides. The fractionation procedure was conducted at the Mass Spectrometry Core Facility of the Charles Perkins Centre, University of Sydney. Dried mixed peptides were reconstituted in 90% ACN incorporating 0.1% TFA. Any insoluble material was removed by centrifugation at 20,000g for 5 minutes at 4°C. Twenty micrograms of peptide material was resolved onto the HILIC column using an inverted organic gradient of solvent A (water, 0.1% TFA) and solvent B (ACN, 0.1% TFA). Fractions were collected in a deep 96-well plate, dried, and resuspended in 0.1% formic acid. Each HILIC fraction was subjected to liquid chromatography (LC)/tandem mass spectrometry (MS/MS).
Mass spectrometry and data analysis
Peptides were injected onto a trapping column for preconcentration (Acclaim Pepmap100 20 3 0.075 mm 3 mm C18, Thermo Fisher Scientific), followed by nanoflow LC (Thermo Dionex, Ultimate 3000 RSLCnano, Thermo Fisher Scientific). Peptide separation was achieved using a 500 3 0.075-mm ID, PepMap 2-mm EasySpray C18 column (Thermo Fisher Scientific) with the following mobile phases: 0.1% formic acid in high-performance LC water (solvent A) and 80% ACN combined with 0.1% formic acid (solvent B). Peptides were resolved using a linear gradient from 2% to 35% solvent B, over 120 minutes, with a constant flow of 250 nL/min. The peptide eluent flowed into a nano-electrospray emitter at the sampling region of a Q-Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific). The electrospray process was initiated by applying 2.0 kV to the liquid junction of the emitter, and data were acquired under the control of Xcalibur (Thermo Fisher Scientific) in data-dependent mode. The mass spectrometry (MS) survey scan was performed using a resolution of 35,000. The 10 most intense multiply charged precursors were selected for high-energy collisional dissociation fragmentation with a normalized collision energy of 30.0, then measured in the Orbitrap (Thermo Fisher Scientific) at a resolution of 17,500. Automatic gain control targets were 3E6 ions for Orbitrap scans and 17,000 for MS/MS scans. The raw MS data were processed with the Proteome Discoverer software package, version 2.0.0.802 (Thermo Fisher Scientific). Proteins and peptides were identified by searching against the UniProt Human reference proteome database (downloaded 21 October 2016, with a total of 48,140 entries). The following search parameters were used: mass tolerances in MS and MS/MS modes of 10 ppm and 20 ppm, respectively; trypsin designated as the digestion enzyme, with up to two missed cleavages allowed; S-carbamidomethylation of cysteine residues; oxidation on methionine; phosphorylation on serine, threonine, and tyrosine; and acetylation and methylation of lysine and deamidation of asparagine and glutamine set as variable modifications. The false discovery rate was set to 1% for positive identification of proteins, peptides, and phosphorylation sites. Data were analyzed by using Gitools 2.3.1 software (Biomedical Genomics Group) to generate heat maps and Venny 2.1.0 (BioinfoGP-CSIC) to create Venn diagrams illustrating the number of shared and differentially expressed proteins between patients. Proteins represented by at least two unique peptides were included in the analysis. We classified a protein as upregulated if the level of expression was 1.5-fold higher than the corresponding ANM sample and downregulated if it was 0.66-fold lower than the corresponding ANM sample. A q value must be below 0.05 to identify significant changes in expression.
Western blotting
Lysed soluble tissue extracts containing 30 mg of proteins were mixed in Laemmli buffer containing 10% b-mercaptoethanol (Sigma-Aldrich), heated for 5 minutes, and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% Mini-PROTEAN ® TGX™ Gels, Bio-Rad), then transferred to nitrocellulose membrane (Amersham TM Protran TM 0.45 mM NC) for western blotting. After blocking with 5% milk (weight-to-volume ratio) in Tris-buffered saline (0.1% Tween-20), the membrane was incubated overnight at 4°C with primary antibodies (Table 1) . Horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were applied to the membrane for 1 hour at room temperature. LAS-3000 Imager (Fujifilm) was used to capture the image. The band intensity of western blot was quantified using an ImageJ plugin (National Institutes of Health).
Immunohistochemistry
Immunohistochemistry (IHC) was performed as we described previously (21) . Briefly, fresh tissues were washed three times with phosphate-buffered saline for 15 minutes per wash and fixed overnight at 4°C in 10% buffered formalin. After fixation, tissues were embedded in paraffin and 5-mm sections were prepared. Tissue sections were deparaffinized, quenched to eliminate internal peroxidase activity, and incubated with primary antibodies (Table 1) or normal rabbit immunoglobulin G (negative control; Jackson ImmunoResearch Laboratories) overnight at 4°C. Following three washes in phosphate-buffered saline with 0.1% Tween-20, tissue sections were incubated for 1 hour in biotinylated secondary antibody, followed by incubation in horseradish peroxidase streptavidin (1:250; Jackson ImmunoResearch Laboratories). Tissue sections were exposed to diaminobenzidine (Sigma-Aldrich) to develop antibody signal. Nuclei were counterstained using hematoxylin. Human endometrium was used as positive control (Supplemental Fig. 1 ). Images were captured using an Aperio AT2 slide scanner (Leica Biosystems). Periostin (POSTN) staining was quantified using a Halo TM image analysis platform (Indica Laboratories). An area quantification algorithm was used to quantify the pixel intensities of diaminobenzidine staining. The H-score was then calculated using pixel intensities, according to the following formula:
Statistical analysis
Data were analyzed and graphed with Prism 6.0 software (GraphPad). Values are presented as mean 6 standard error of the mean. Statistical significance was calculated using the Student t test. P values ,0.05 were considered to indicate statistically significant differences. For MS data analysis, the Student t test value comparing protein expression differences between ANM and fibroid across patients were corrected to P values using the Benjamini-Hochberg method (22) . Pearson correlation analysis was used to determine the correlation between two groups.
Results
Analysis of mutations in exon 1 and exon 2 of the MED12 gene in human uterine fibroids Previous studies have established that approximately 70% of uterine fibroids harbor specific mutations in MED12, either missense mutations or small in-frame insertions and deletions in exon 2 (8, 23, 24) . Additional mutations in exon 1 have also been reported (9) Table 2 ). More specifically, 27 of 37 fibroids (72%) from 11 patients displayed missense mutations, affecting codon 44 in exon 2 of MED12. These include G44V, G44C, G44R, G44A, G44S, and G44D mutations. Another hot spot was found in codons V41Q (sample ULM 5.4) and Q43P (sample ULM 5.7) and, interestingly, these were identified in only one patient (Table 2 ; Supplemental Table 1 ). As opposed to the missense mutations, we also identified 10 tumors (27%) from four patients with deletion mutations in MED12 exon 2 ( Table 2) . We next sought to analyze the mutation in exon 1 and observed that only two missense mutations were detected in two patients [namely, codons E10K (sample ULM3.3) and E33K (sample ULM10.4)] ( Table 2 ; Supplemental Table 1 ). As expected, we did not detect any mutations in MED12 in any of the ANM samples (Supplemental Table 1 ). The remaining 26 of 65 fibroids from 14 patients were found to be MED12 mutation negative (Supplemental Table 1 ). Our genetic analysis highlighted that multiple fibroids within the same patient can harbor diverse genetic profiles (Supplemental Table 1 ). For example, eight variously sized tumors from one of the patients harbored five different hot spots, all of which affected glycine at codon 44 in exon 2 of MED12 (Fig. 1 ). This analysis also confirmed that mutations in exon 2 of MED12 are common in uterine fibroids in Australian women. On the basis of the mutation screening of 14 patients, we selected three patients (n = 12 tissue samples: 9 fibroid and 3 ANM samples) harboring both MED12 mutation-positive and mutation-negative tumors and performed proteomic analysis.
Proteome analysis reveals changes in ECM expression profile in genetically annotated uterine fibroids
To determine whether fibroid size and MED12 mutation status influence fibroid protein expression, we compared the protein composition of genetically annotated fibroids from each size category with ANM control tissue samples. We first performed proteomic analysis of three fibroids (small, medium, and large) and one ANM tissue sample from each of the three patients using the 4plex iTRAQ labeling system (n = 3 normal and n = 9 fibroids) (Fig. 2) . This system enabled comparisons between different-size fibroids and ANM samples in the same LC/MS run, thereby minimizing experimental variation. From the three patients, a combined total of 1061, 1081, and 1116 upregulated proteins in small, medium, and large fibroids, respectively, compared with ANM, were identified using the iTRAQ experiment (Fig. 3D) . In contrast, a total of 466, 659, and 592 downregulated proteins in small, medium, and large fibroids, respectively, were identified (Supplemental Fig. 2 ). Quantitative LC-MS/MS results from these three patients were then compared using Venn diagrams to identify the number of common and differentially expressed proteins within each fibroid size category. A representative Venn diagram for upregulated proteins in small fibroids is shown in Fig. 3D . The complete set of Venn diagrams, classified into downregulated proteins, is provided in Supplemental Fig. 2 . We set our predefined criteria of q , 0.05 with relative expression levels at least .1.5-fold or ,0.66-fold compared with ANM for upregulated and downregulated proteins, respectively; proteins represented by at least two unique iTRAQ-labeled peptides were included in the analysis. The P values were then calculated by Student t test comparing the protein expression differences between ANM and fibroid across the three patients and adjusted for multiple testing by the Benjamini-Hochberg method (22) . (P , 0.05 is considered to indicate statistical significance after the BenjaminiHochberg correction for multiple testing) (Fig. 3A-3C and Fig. 4A-4C ; Supplemental Table 2 ). On the basis of on our quantitative results, we extracted the list of proteins that were up-and downregulated in fibroids and performed pathway analysis using STRING, version 10.5 (a protein-protein interaction network database), to identify the associated protein-protein interaction pathways. These analyses highlighted several protein networks, including extracellular matrix receptor and focal adhesion interactions, and PI3K-Akt signaling (Supplemental Fig. 3 ).
Analysis of small fibroids vs ANM control revealed that 18 proteins were upregulated in all patients (Fig. 3A  and 3D ). Of these 18 proteins, 10 ECM proteins, including collagen type II a 1 (COL2A1), collagen type III a 1 (COL3A1), collagen type VII a 1 (COL7A1), matrix metalloproteinase 2 (MMP2), POSTN, serpin H1 (SERPINH1), secreted protein acidic and rich in cysteine (SPARC)-related modular calcium-binding protein 2 (SMOC2), transforming growth factor-b-induced protein ig-h3 (TGFBI), tenascin (TNC), and versican core protein (VCAN) were identified. In the analysis of medium fibroid vs ANM tissue, 15 common proteins were detected in the three patients ( Fig. 3B and 3D) . Thirteen of these proteins-asporin, collagen type XII a1 (COL12A1), COL2A1, COL3A1, collagen type V a 2 (COL5A2), COL7A1, fibromodulin (FMOD), POSTN, a-1-antitrypsin (SERPINA1), SMOC2, SPARC-like 1 (SPARCL1), TGFBI, and TNC-were of ECM origin. In addition, we also detected 22 upregulated proteins present in large fibroids that were commonly shared among patients (Fig. 3C and 3D ). Of these proteins, 19 were ECM proteins: COL12A1, collagen, type I a 1 (COL1A1), collagen type I a 2 (COL1A2), COL2A1, COL3A1, collagen type V a 1 (COL5A1), COL5A2, COL7A1, FMOD, laminin subunit a-2 (LAMA2),lumican (LUM), osteoglycin (OGN), POSTN, SERPINA1, SMOC2, SPARCL1, TGFBI, TNC, and VCAN. We further examined proteins that were commonly downregulated in each of the different-sized fibroids (27 proteins in small fibroids, 25 proteins in medium fibroids, and 32 proteins in large fibroids) ( Fig. 4A-4C ; Supplemental Fig. 2) . The ECM-related proteins that were downregulated across the different-sized fibroids were annexin A1 (ANXA1), annexin A2 (ANXA2), collagen type XIV a 1 (COL14A1), collagen type XVIII a 1 (COL18A1), laminin subunit a 5 (LAMA5), laminin subunit b 2 (LAMB2), protein S100-A6 (S100A6), serpin peptidase inhibitor clade C (SERPINC1), and tubulointerstitial nephritis antigen-like (TINAGL1) in small fibroids; ANXA1, collagen type XV a 1 (COL15A1), fibrillin-1 (FBN1), LAMA5, LAMB2, and TINAGL1 in medium fibroids; and ANXA1, ANXA2, LAMA5, LAMB2, S100A6, and TINAGL1 in large fibroids. The proteomic data (accession number, gene ID, number of unique peptides, coverage, fold change in abundance of fibroid compared with ANM, q values, and P, 0.05 adjusted by the BenjaminiHochberg method) of the commonly identified proteins found in small, medium, and large fibroids from the three patients are shown in Supplemental Table 2 .
POSTN is a significantly upregulated ECM protein during early stages of uterine leiomyogenesis
From the list of ECM proteins identified as upregulated in fibroids, COL2A1, COL3A1, COL7A1, POSTN, SMOC2, TGFBI, and TNC were the only ones detected across the fibroid size range. POSTN was one of the significantly upregulated ECM proteins observed in small fibroids, suggesting that it is upregulated at the earliest stages of uterine leiomyogenesis. One small fibroid containing MED12 mutation-positive or mutation-negative and corresponding ANM tissue (total n = 24) from each of the Figure 2 . Schematic representation of the proteomics workflow. Twelve samples (nine fibroids and three ANM) from three patients were prepared in parallel, digested, and labeled with 4plex iTRAQ and mixed. To reduce sample complexity, pooled peptides were subjected to HILIC fractionation before LC-MS analysis. Experimental procedures are described in the Materials and Methods section. m/z 114-117 are the iTRAQ reporter ions. eight patients were selected and analyzed for POSTN expression by western blotting and IHC. Western blot results revealed higher levels of POSTN in small fibroids than in corresponding ANM in the eight patients regardless of MED12 mutations (Fig. 5A) [eight ANM vs eight fibroids with MED12-positive mutation (P = 0.02); eight ANM vs Figure 3 . Upregulated proteins in uterine fibroids. Heat map represents the protein expression patterns in the various sizes-(A) small, (B) medium, and (C) large fibroids-against the corresponding ANM tissues, which were commonly identified as shown in Table 2 . Ratio is mapped from red (increase) to blue (decrease) or black (no change); see color key inset. ECM proteins are highlighted in green and POSTN is indicated in a box. *P , 0.05, adjusted by the Benjamini-Hochberg method. (D) Venn diagram illustrating the number of shared and uniquely differentially upregulated (.1.5-fold) expressed proteins identified by 4plex iTRAQ in the fibroid (small, medium, and large) vs ANM. +, MED12 mutation-positive; 2, MED12 mutation-negative. doi: 10.1210/en.2017-03018 https://academic.oup.com/endoeight fibroids with MED12-negative mutation (P = 0.04)]. Phospho-SMAD2, which indicates the phosphorylated form of mothers against decapentapligic homolog 2 (pSMAD2), is one of the key components for transforming growth factor-b (TGF-b) signaling, which is an upstream regulator of POSTN (27) . We next monitored the expression level of pSMAD2 in these patients to determine whether any correlation existed with POSTN. We observed greater levels of pSMAD2 in small fibroids compared with corresponding ANM in these patients irrespective of MED12 mutations (Fig. 5A ). We observed a significant linear correlation between the expression of pSMAD2 and POSTN (r = 0.48; P = 0.0068) (Fig. 5B) . IHC of small fibroids with MED12-positive mutations also exhibited upregulation of POSTN compared with ANM, supporting western blot results (Fig. 5B ). Quantitative analysis of IHC POSTN expression using H-Score (Fig. 5B ) confirmed higher staining intensity and, therefore, POSTN upregulation in fibroids compared with ANM (n = 15 fibroids, n = 4 ANM; P = 0.00083).
Discussion
Uterine fibroids affect up to 70% of women during their reproductive years and are an important source of gynecological and obstetrical problems (1, 2). Despite the major health care burden posed by fibroids, very little is known about their etiology and pathogenesis. Treatment strategies for these benign tumors are limited to invasive surgical procedures and hormonal therapies. Therefore, identification of novel drug targets and improved treatment strategies are required. Our research data showed that fibroid clusters taken from the same patient possess diverse genomic profiles. In the literature, mutations in exon 2 of the MED12 gene are the most common genetic anomalies in fibroids (8) , and our genomic data supported this observation. Our study determined the MED12 status of fibroids in the Australian population. We identified that 27 tumors from 11 patients that displayed missense mutations affecting codon 44 in exon 2 of MED12. Glycine residue at codon 44 appears to be essential for normal MED12 function as all six base substitutions lead to changes in this amino acid. Excessive ECM deposition is a major hallmark of this disease (5), which contributes to fibroid growth and bulktype symptoms. Despite the significance of ECM in fibroids, there has been limited research on ECM characterization and expression in fibroids. Our study investigated whether MED12 status and fibroid size influence ECM composition and expression patterns. After genetic analysis, we generated heat maps showing protein upregulation and downregulation in fibroids compared with ANM control tissues. Interestingly, we observed that, overall, the set of proteins (ECM-related and otherwise) that were upregulated or downregulated were the same in all three patients, irrespective of MED12 mutation status and fibroid size.
Because a copious amount of ECM is characteristic of fibroids, we next focused on the upregulated ECM proteins. Comparison of expression levels revealed that POSTN, an ECM protein, was one of the most upregulated proteins, with an average threefold higher expression in fibroids than in ANM. Because fibroids grow as they progress, small fibroids indicate early stages of disease. Therefore, because POSTN had upregulated expression levels in small fibroids, this ECM protein may have potential as a novel drug target to hinder the progression of uterine leiomyogenesis. We further validated the expression of POSTN in our fibroid samples using western blot and IHC.
Our proteomic and western blot analysis demonstrated that in all cases of MED12 mutation-positive and mutation-negative fibroids, POSTN was upregulated compared with ANM. In contrast, in the absence of mutations in MED12, POSTN expression was not consistent (Fig. 5A ). In the case of MED12-negative fibroids, the expression of POSTN may be affected by the presence of other genetic mutations. Consequently, the effect of other genetic mutations on fibroid ECM protein expression requires further investigation. Our study focused on MED12 mutations because in the literature these are the most commonly detected mutations in fibroids.
POSTN is a 90-kDa secreted ECM protein with a multidomain structure that contains an amino-terminal EMI domain, a tandem repeat of four fasciclin (FAS1) domains, and a carboxyl-terminal domain (28) (29) (30) . Each domain interacts with specific ECM proteins and cellsurface integrins to promote the assembly of extracellular architectures (31) (32) (33) (34) , which govern the biomechanical properties of connective tissues. Previous studies have shown that POSTN interacts with collagens, laminins, and tenascins (31) (32) (33) (34) . In fibroids of all sizes (small, medium, and large), we observed upregulation of POSTN, along with upregulation of collagens, laminins, and tenascins (Fig. 3A-3C ). This suggests that these proteins are important contributors to the excessive ECM build-up that leads to fibroid expansion. Further studies are required to target the binding sites on the multidomain structure of POSTN to investigate the relationship between POSTN and the interacting proteins.
POSTN plays a central role in normal tissue homeostasis and disease development (34) . Previous studies have demonstrated that high levels of POSTN expression are associated with a variety of cancers, including head and neck (35, 36) , oral (37) , lung (38) , breast (39) , ovarian (40) , colon (41) , pancreatic (42) , and liver (43, 44) cancer. POSTN participates in many biological processes involved in cancer, including cell adhesion, invasion, metastasis, and tumor angiogenesis (36, 37, 41, 45) . Our study compared the expression level of POSTN in fibroids relative to ANM. POSTN is a candidate for further functional and clinical investigations given its abundance in uterine fibroids. The molecular mechanism of POSTN is still unclear, bu a recent study revealed that it interacts with integrins and activates focal adhesion kinase and PI3K-Akt-mediated signaling pathways, promoting tumor angiogenesis, invasion, and metastasis (46) . Our STRING analysis also identified the involvement of these signaling networks in fibroids (Supplemental Fig. 3) .
Our proteomic analysis revealed that TGF-b was also upregulated in fibroids of all sizes compared with ANM ( Fig. 3A-3C) . Deletion of the Periostin (Postn) gene in a mouse model of muscular dystrophy altered TGF-b signaling, resulting in enhanced tissue regeneration and reduced levels of fibrosis, thereby providing evidence for interaction between POSTN and TGF-b (47) . Therefore, we can also speculate that POSTN interacts with TGF-b signaling pathway to promote ECM formation in leiomyogenesis. Further research is warranted to define the functional role of POSTN and other ECM-related proteins in fibroid initiation and progression.
In summary, our study defined the global protein expression patterns of fibroids vs ANM in human patients. Furthermore, we used genomic and proteomic analysis to study the relationship among exon 2 MED12 mutation status, fibroid size, and ECM protein expression. This analysis revealed that the same group of ECM proteins was upregulated or downregulated in all patients, despite variations in fibroid size and the MED12 gene. Furthermore, we validated the expression level of POSTN because it was one of the significantly upregulated ECM proteins identified in small fibroids and these fibroids indicate early stages of leiomyogenesis. Because excessive ECM is a prominent feature of fibroids, targeting upregulated ECM proteins is a rational approach for overcoming this disease.
Investigation of the role of the ECM in cancer and other abnormalities has illustrated that the ECM is an active participant in disease progression and is responsive to surrounding cell types and signaling molecules. Further studies are essential for understanding the mechanisms and mediators responsible for the overproduction of specific ECM components. This understanding will provide an opportunity to develop intervening strategies that will curb the production of these ECM proteins, thereby reducing fibroid size and removing the associated disease burden.
